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Abstract: The special feature of restoration and strengthening of timber beam elements in ancient
Chinese buildings is that it is not only necessary to prolong their life, but also to protect their value to
the greatest extent possible. The traditional restoration and strengthening techniques commonly used are
difficult to quantify the results, and there is a risk of over-intervention in the determination of damage
and restoration work, which can easily lead to changes in the original appearance of ancient buildings
and loss of value information. By exploring concealed restoration and strengthening techniques at the
component and node levels, we aim to further enrich preventive conservation methods and better protect
and pass on valuable cultural heritage.

Keywords: Ancient buildings, timber beam elements, concealed reinforcement

1. Introduction

The timber structures of ancient buildings in China are of very high historical, artistic and scientific
value. As wood is a biomass material, it is susceptible to cracking, decay, deterioration, insect infestation
and flexural deformation due to natural and man-made factors. Especially under the effect of cumulative
damage, beams are generally damaged before columns, and can even induce partial or overall collapse
of the timber structure, thus requiring constant restoration and reinforcement of the timber beam elements
of ancient buildings. As the painted and carved surfaces of timber beams contain a wealth of historical
and cultural information. The traditional restoration and reinforcement methods currently in use can
easily lead to changes in the original appearance of the wooden elements and loss of value information,
making it difficult to adapt to the current concept of ancient building conservation[1-5].

With the development of technological conservation methods, scholars at home and abroad have
made many achievements in conservation and restoration theories, survey and assessment methods, and
restoration and reinforcement techniques. This paper focuses on the assessment of the performance of
timber beams prior to restoration and on the techniques and methods of FRP material reinforcement.

2. Assessment of the degradation of the load bearing performance and residual load capacity of
timber beams in ancient buildings

Obtaining the degradation of the force properties of old timber beams and assessing the residual load
capacity is an important basis for determining the continued use of a member and its restoration and
strengthening. There is no complete failure criterion for old timber members. Gerhards (1987) proposed
a cumulative model based on the miner criterion to reflect the continuous strength damage of timber, and
subsequent studies have modified it by adding factors such as ambient temperature and humidity and
moisture content of timber. Based on these models, Xueliang Wang (2008, 2009), Yu Li (2008) and Yang
Wang (2015) used reliability and probabilistic model analysis methods to predict the residual load
capacity of timber beams under the action of multiple factors such as residual damage, ambient
temperature and humidity, and sustained load. In addition, Calderoni (2006), Yang Xiaojun et al. (2007),
Zhou Qian et al. (2012), Wang Xueliang et al. (2015), Zhu Zhongman (2015), Song Xiaobin et al. (2016)
and Peng Lei et al. (2016) conducted mechanical tests and finite element simulations of foot and
shrinkage specimens, respectively, to predict the law of residual load bearing capacity of timber beams
under the influence of residual damage factors such as cracking and decay and calculation methods were
investigated.
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In recent years, under the principle of protecting the originality of ancient buildings, the application
of non-destructive testing techniques to investigate the timber properties and residual damage of ancient
old wooden beams has gradually increased. Zhang Jin et al. (2011) used a nail shooting instrument and
a wood impedance instrument to inspect old wooden beams and finally obtained the residual strength
values of the members considering the effects of decay and insect infestation. Gu Yu (2016) used an
ultrasonic non-metallic flaw detector to test decayed wooden beams and proposed a prediction method
for assessing the flexural load capacity of decayed wooden beams. Dai Jian et al. (2017) conducted a
timber and residual damage survey of ancient wood members by means of stress waves in conjunction
with impedance meters, and the average value of detection accuracy was higher than that of applying a
single device[6-9].

Remaining problems and shortcomings: (1) There are many random influencing factors in the
reliability and probability model analysis, and some of the parameter values lack experimental basis, so
it is difficult to accurately assess the strength degradation and residual bearing capacity of wooden beams.
(2) Wood will naturally age over time, resulting in significant differences in the properties of old and new
timber, and previous studies have mostly used the mechanical properties of new timber for theoretical
derivation and simulation.

3. Restoration and strengthening techniques for timber beams in ancient buildings

Traditional restoration and reinforcement techniques include roofing, nailing, hooping, additional
sections and replacement of new elements, which are often passed down from craftsman to craftsman by
word of mouth, by 'eye, hand, ear', and so on. Therefore, there is a risk of over-intervention in the
determination of deterioration and repair work, which can easily lead to changes in the original
appearance of ancient buildings and loss of value information.

In addition to the traditional techniques mentioned above, many achievements have been made in the
field of restoration and strengthening of timber beams in ancient buildings through the application of
new materials and technologies. For example, WER Systems and BETA Systems in Europe have used
metal materials embedded in wooden beams to reinforce them, but the surface of the metal materials
generates condensation in response to changes in ambient temperature and humidity, which accelerates
the decay of the wood, making it difficult to apply this method to ancient buildings in cold regions[10-
15].

In recent years, with the development of Fiber Reinforced Polymer (FRP), the use of FRP materials
(e.g. CFRP, GFRP, BFRP) to enhance the mechanical properties of wooden structures of ancient
buildings can avoid the damage and chemical contamination of the original members by traditional
reinforcement methods, while enhancing the strength and durability performance of timber structures.
As an early application in the restoration and reinforcement of wooden structures in ancient buildings,
FRP cloth wrapped around the surface of members and FRP sheeting techniques have been used to great
effect in the conservation projects of the Yingxian Wooden Pagoda and the Zhonghe Hall of the
Forbidden City (Figure 4). However, the above methods are not suitable for use on timber beams with
painted or carved surfaces, as they alter the original appearance of the elements, have poor permeability
at the wrapped area, and tend to accelerate the ageing of FRP materials by UV light. Therefore, the
method of reinforcing timber beams with Near-Surface Mounted FRP (NSM FRP), which has the
advantage of improving the force performance and preserving the value information, has obvious
advantages in the field of timber structure conservation and restoration of ancient buildings.

Research on the bonding performance of concealed FRP materials to wood: As concealed FRP
materials and wood are bonded and transfer loads through an adhesive layer, bonding performance is the
key to the two materials working together and is a core fundamental issue in concealed FRP panel
reinforcement methods.Vahedian et al. (2017) proposed a single shear test of FRP panel specimens
bonded to the surface of broadleaf hardwoods that can effectively predict the theoretical model for the
relationship between interfacial bond length and bond performance. Zhang Fuwen et al. (2014) and Zhu
Zhaoyang et al. (2019) confirmed that the improved BPE model can effectively predict the bond
performance at the interface through double shear tests of embedded FRP reinforcement with new and
old Douglas-fir and embedded CFRP panels with new larch from Northeast China, respectively.

Short-term mechanical properties of concealed FRP reinforced timber beams: Gentile C et al. (2002)
conducted flexural strengthening tests on cedar beams by embedding glass fibre reinforced plastic (GFRP)
tendons and showed that the flexural strength of the reinforced beams increased by 18% to 46%, and
proposed a calculation model that could be used to predict the flexural load capacity of the reinforced
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beams. Chun et al. (2016) carried out tests on the flexural strength of cedar and pine beams reinforced
with embedded CFRP plates and tendons, and the results showed that the results showed that the flexural
load capacity and stiffness of the reinforced beams were improved, and the calculation formulae
applicable to the flexural load capacity of reinforced timber beams were proposed. Xu Qingfeng et al.
(2009, 2012) conducted experimental studies on the flexural performance of new and old timber beams
reinforced with embedded CFRP bars and plates, showing that the flexural load capacity of the reinforced
beams was significantly increased, with an average increase of 39% and an average increase in damage
displacement of 32%. Chungqing et al. (2012, 2013) confirmed that the flexural load capacity of reinforced
timber beams could be increased by up to 35.1%, 16.9% (pine) and 37.4%, 21.6% (fir) by embedding
CFRP plates and tendons to reinforce new pine and fir beams in flexural tests. Pu Fahong (2018)
investigated embedded basalt fibre (BFRP) tendons for reinforcing round-section timber beams and
found that the increase in flexural load capacity and stiffness of the embedded tendons reinforced beams
was better than that of the reinforced beams wrapped in BFRP fabric. Zhu Zhaoyang et al. (2019)
compared the effects of FRP panels and other factors on the flexural performance of reinforced beams
through concealed FRP panel reinforcement of reduced-foot and full-foot new pine beams, and proposed
a calculation method for the flexural load capacity of reinforced timber beams[16-23].

Study on the long-term mechanical properties of wood beams reinforced with concealed FRP material:
Xu et al. (2017) conducted a static load test on footprint reinforced wood beams with embedded CFRP
tendons for 1200 days and combined it with finite element simulation analysis to propose a wood creep
curve model applicable to beams reinforced with embedded CFRP tendons, which can better predict the
effect of wood creep on the mechanical properties of reinforced beams under the effect of ambient
temperature and humidity.

Problems and shortcomings: (1) The combination of the restoration and strengthening of timber
beams and the assessment of the residual bearing capacity is not yet sufficient, and a complete system of
techniques and methods has not yet been formed. (2) Research on the bonding performance of concealed
FRP materials and old timber is weak, and the bonding performance of FRP materials and old timber
under the coupling effect of multiple factors such as environmental temperature and humidity, ultraviolet
light and continuous loading is not yet understood. (3) The results of the research on the stress
performance of concealed FRP materials reinforced timber beams are mainly based on the short-term
flexural performance. As the long-term performance of the constituent materials of the reinforced beams
varies under temperature, humidity and continuous loading, the mechanical properties of these materials
are subject to constant change, so whether the conclusions obtained from short-term mechanical tests can
guarantee the long-term effectiveness of the reinforcement remains to be answered[24-29].

4. Suggestions for further research

(1) Study of shear performance of concealed reinforced timber beams

Due to the weak shear resistance of the timber with the smooth grain, concealed reinforcement of
timber beams can be carried out by means of shear nails, while the effect of reinforcement with FRP
plates in combination with shear nails remains to be studied.

(2) Study on concealed reinforcement of beam-column nodes

The nodes of beams and columns are prone to tensile damage and the use of new materials such as
memory alloys for concealed reinforcement of nodes is still to be studied in depth.
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